Introduction
Recently, naturally occurring polymers have attracted huge attention owing to their eco-friendly nature to satisfy the social demand. These polymeric materials obtained from the natural cycles are harmless to humans and the environment. Poly(γ-glutamic acid) (PGA) is a natural polymer prepared by polymerization of glutamate via γ-peptide linkages by microorganisms such as Bacillus subtilis. PGA has various unique properties and functions [1, 2, 5] ; it is non-toxic, hydrophilic, anionic, edible, and biodegradable. Based on these features, many industrial applications of PGA have been studied, mainly in the fields of health foods, cosmetics, and wastewater treatment [20, 26] .
Monoliths are functional macroporous materials with an open-cellular three-dimensional continuous interconnected pore structure in a single piece [4, 21] . They can be used for various applications like chromatography, ion exchange, and catalysis, owing to their high permeability, fast mass transfer performance, high stability, and ease of chemical modification [8, 27, 28, 33] . Recently, we reported a novel methodology to fabricate a polyacrylonitrile (PAN) monolith with uniform mesoporosity via a very neat and facile template-free approach by using a thermally induced phase separation (TIPS) technique [19, 32] ; PAN was dissolved in a mixture of solvent and non-solvent by heating, followed by cooling to room temperature, leading to the formation of the mesoporous PAN monolith. During the cooling step, the phase separation of the polymer solution took place to form the monolith with a large surface area and uniform porosity without any templates. Furthermore, the shape of the monoliths could be readily modified by altering the shape of the vessel. The PAN monolith was converted to functional materials by thermal treatment and chemical modification; the activation of the PAN monolith produced a carbon monolith with high CO 2 uptake [17] , and the partial amidoximation afforded the monolith having efficient chelating ability toward heavy metals [18] . Very recently, a non-solvent induced phase separation (NIPS) method was applied for monolith fabrication of polycarbonate and its blend with poly(3-hydroxyhexanoate) [34] [35] [36] . A poly(vinyl alcohol) monolith was prepared by thermally impacted non-solvent induced phase separation [25] , in which a thermal factor was introduced into NIPS.
The excellent biocompatibility and biodegradability of PGA make it useful for environmental and biomedical applications, such as water treatment, drug delivery systems, and tissue engineering. Thus, PGA monoliths would have large potentials for various industrial applications in the biomedical, environmental, analytical, and separation fields [1, 2, 5] . For example, the through-pore structure and large surface area are important factors for the application of monoliths as adsorbents, immobilization supports, and tissue engineering scaffolds. The large surface area allows for adsorption and immobilization of a large amount of target and functional molecules, respectively [3, 23] , and the monolithic configuration enables column permeability and mass transfer to be maximized simultaneously in the adsorption and immobilization.
Here, we report the fabrication of a PGA monolith by TIPS and its application for metal chelation. By selecting the appropriate combination of solvent and non-solvent for the phase separation, a PGA monolith of uniform shape in submicron skeleton size was formed. The cross-linking of the PGA monolith with hexamethylene diisocyanate (HDI) produced the water-insoluble monolith with high stability toward water and organic solvents. Furthermore, the crosslinked monolith effectively adsorbed copper(II) ion on the basis of the strong chelation of PGA for metals [31] . In relevance to this study, the electrospinning method conveniently provided ultrafine fibers of PGA in the submicron or micron size [15, 29] ; however, the thickness of the resulting mat was less than 100 µm, which prevents the above-mentioned applications in most cases. The present PGA monolith with its remarkable advantages will provide a new opportunity for applications of PGA, such as in water treatment, recovery of rare metals, drug delivery, and tissue engineering.
Materials and Methods

Materials
PGAs (acid form) with different molecular masses were products of BioLeaders Corp. (Korea). HDI was purchased from Wako Pure Chemical Industries, Ltd. (Japan). All reagents were of analytical grade and used as received without further purification.
Measurements
Scanning electron microscopy (SEM) images were recorded on a Hitachi S-3000N instrument at 15 kV. A thin gold film was sputtered on the samples before the images were collected. Nitrogen adsorption/desorption isotherms were measured with a NOVA 4200e Surface Area & Pore Size Analyzer (Quantachrome Instruments) at 25 o C. The Brunauer Emmett Teller (BET) method was utilized to determine specific surface areas. Before the measurements, all samples were degassed at 25 o C for 12 h under vacuum. Fourier transform infrared (FT-IR) measurements by the attenuated total reflectance (ATR) method were performed by Thermo Scientific Nicolet iS5 with the iD5 ATR accessory. The copper(II) ion concentration in aqueous solution was determined by a Hitachi U-2810 UV-visible spectrometer at 816 nm. The energy dispersive X-ray spectrometric (EDX) measurement for elemental analysis of the monolith surface was conducted by a Hitachi Miniscope TM3000 with a Swift3000 equipment.
Porosity was measured by using a gravimetric method. Ethanol was used as the solvent for measurement of the volume of the nonporous PGA powder, based on which the density of PGA was determined (D powder ). The volume of the PGA monolith was calculated from the diameter and height of the cylinder shape of the monolith, and the density of the monolith (D monolith ) was estimated from the weight and volume of the monolith. The porosity of the monolith was calculated by using the following equation:
The swelling ratio was determined from the weights of the dry and wet (swollen) monoliths (W d and W w , respectively). The monolith was immersed in a buffer of different pH values (4, 7, or 10) at 25 o C. In most cases, the weight value of the wet monolith was almost constant after 24 h (data not shown); thus, the weight of the wet monolith after 24 h was used for the determination of the swelling ratio by using the following equation:
Water retention was determined from the weight change by centrifugation. At first, the PGA monolith swollen in water was weighted (W w ). Then, it was placed in a tube, which was subjected to centrifugation at 4,000 rpm for 30 sec. The sample was carefully ejected from the tube and weighted (W r ). The water retention was calculated by using the following equation:
Fabrication Procedure for PGA Monolith A typical fabrication protocol is as follows (Fig. 1 ). PGA powder (450 mg) was dissolved completely in a mixture of dimethyl sulfoxide (DMSO), ethanol, and water (3 ml) by heating at 80 o C. Then, the solution was cooled to 25 o C. During the cooling stage, the phase separation took place to form a monolith. The resulting monolith was washed repeatedly with acetone to remove the trapped solvents and subsequently dried under vacuum.
Cross-linking of PGA Monolith by HDI
The PGA monolith (450 mg, 3.49 mmol of monomer unit) and HDI (1 ml, 5.89 mmol) were put in acetone (10 ml) and, after 6 h, 300 µl of water was added dropwise to the mixture. The crosslinking was carried out at 50 o C with gentle stirring for 24 h. The resulting monolith was washed with acetone repeatedly and dried under vacuum.
Copper Adsorption on Cross-linked PGA Monolith
The cross-linked monoliths (100 mg for a single piece) were immersed in 0.10 M CuCl 2 solution (10 ml). The mixture was gently shaken at 25 o C. The concentration of copper(II) ion in the supernatant was measured with a UV-visible spectrometer at 816 nm.
In Vitro Antibacterial Assay
The monolith and copper-immobilized monolith samples were sterilized with 80% ethanol and rinsed with sterile water to remove the ethanol. Escherichia coli (E. coli) strain JM109 was subcultured in Luria-Bertani (LB) medium at 37 o C for 12 h with reciprocal shaking of 600 rpm. The harvested cells were suspended into three culture tubes containing 10 ml of sterile 0.85% NaCl solution in the presence or absence of the monolith samples. After 0, 5, and 10 h incubation at 37 o C and 600 rpm, aliquots of the cell suspension were withdrawn and spread on LB agar plates. The number of colonies that appeared on the plates after overnight cultivation at 37 o C were counted visually, and the antibacterial effects of the monolith samples were evaluated based on the colony formation.
Results and Discussion
Fabrication of PGA Monolith
In this study, a mixture of DMSO, water, and ethanol was used as the solvent for TIPS in the fabrication of the PGA monolith. In general, the selection of a combination of solvent and non-solvent is a crucial factor to fabricate monoliths. DMSO is known to solubilize PGA in the acid form, and the other two solvents, water and ethanol, were selected as non-solvents for PGA owing to the good miscibility of DMSO. The PGA monolith was not formed by the solo use of water or ethanol as non-solvent.
The effects of the molecular mass and concentration of PGA as well as the solvent composition on the morphology of the monolith have been systematically examined. At first, the monolith was prepared by using PGA with molecular mass of 5,000 kDa in a mixture of DMSO/water/ethanol = 9/1/20. When the PGA concentration was 15%, the uniform shape of the monolith was formed (Fig. 2) . The SEM observation showed the three-dimensional continuous interconnected porous structure of the monolith. The average pore and skeleton sizes of the monolith was 0.1-0.3 µm and 0.2-1.0 µm, respectively, indicating the formation of the monolith in the submicron scale. Fig. 3 shows the adsorption/desorption isotherms of the PGA monolith. The obtained traces were assigned to a type II adsorption with H3 type hysteresis loop in the P/P 0 range from 0.8 to 1.0, characteristic of unrestricted monolayermultilayer adsorption of macroporous absorbents [6, 11, 12] . The specific surface area was determined to be 75 m 2 /g, considering monolayer adsorption by using the BET method. This result indicates the relatively large surface area of the PGA monolith. The concentration of PGA strongly affected the formation of the monolith. In the concentration of 10%, the monolith was obtained; however, the edge of the monolith was broken, suggesting the low strength of the monolith. Such a monolith prone to be easily broken by physical impact is not suitable for applications. The monolith shape was not maintained during the work-up procedure in the concentration of 5%. These data indicate that the concentration of 15% is suitable for the fabrication of the PGA monolith with uniform structure. The BET surface area increased slightly as a function of the concentration; the surface area values of the product obtained in the concentration of 5% and 10% were 56 and 70 m 2 /g, respectively.
The effect of the molecular mass of PGA has been examined in the fixing of the PGA concentration at 15% (Fig. 4) . The monolith was not formed from low molecular mass PGA (50 kDa). When the molecular mass of PGA was 500 kDa, the monolith was obtained with uniform structure; however, the edge of the monolith was partly broken. These results show that a high molecular mass (5,000 kDa) is required for the fabrication of the PGA monolith with high strength. The BET surface area of the monolith from PGA with molecular mass of 500 kDa was 74 m 2 /g, suggesting the little effect of the molecular mass on the surface area. The structure of the monolith also depended on the solvent composition. In fixing the ratio of water under the conditions of the PGA concentration of 15% and the molecular mass of 5,000 kDa, the mixed ratio of DMSO and ethanol varied. In all the cases examined (DMSO/water/ ethanol = 9/1/20, 11/1/18, 13/1/16, and 15/1/14 (v/v)), the monolith with a uniform shape was obtained (Fig. S1) . The ratio of DMSO in the mixed solvent strongly affected the average pore size (Fig. 5) . The pore size was the lowest when the DMSO ratio was 30%, and the size hardly changed in the range of the DMSO ratio from 37% to 50%. This could be explained as follows. When the ratio of solvent (DMSO) for PGA was smaller, the movement of PGA molecules was limited and the phase separation took place faster due to the lower solubility of PGA toward the mixed solvent, resulting in the reduction of the pore size. As for the specific surface area of the monolith, the opposite tendency was observed; the surface area was the largest in the smallest ratio of DMSO.
Cross-linking of PGA Monolith
The sodium form of PGA shows high solubility toward water; thus, the PGA monolith was quickly soluble in neutral and basic aqueous media owing to the large surface area of the monolith. The fast solubilization may be preferable in some applications; however, the water resistance of monoliths is often required for usage in various fields. Therefore, the cross-linking of the PGA monolith has been examined.
So far, various cross-linking methods of PGA have been reported. PGA in an aqueous solution was easily cross-linked by γ-irradiation to produce a PGA hydrogel with high degree of swelling [13] . For the chemical cross-linking of PGA, several agents such as polyfunctional epoxy, amine, and alcohol compounds were used [7, 14, 24] ; however, the reaction was often used in an aqueous medium, which cannot be applied for the cross-linking of the PGA monolith owing to the fast solubilization of the monolith toward aqueous media.
In this study, HDI was used as the cross-linking agent. HDI is insoluble in water and the cross-linking with HDI is often performed in a non-aqueous medium. The crosslinking of PGA with HDI was already reported [30] . In general, a reaction of isocyanate and carboxylic acid proceeds under relatively mild conditions without any catalysts and additives. Here, the monolith fabricated by using PGA with the molecular mass and concentration of 5,000 kDa and 15%, respectively, in a mixture of DMSO/water/ethanol = 9/1/20 was used for the cross-linking with HDI.
At first, the PGA monolith was cross-linked in acetone. When the resulting material was immersed in water, the monolith did not maintain its original shape. This may be because the cross-linking in acetone did not proceed uniformly. Acetone is a non-solvent for PGA; thus, the cross-linking in acetone might take place only at the surface of the skeleton of the PGA monolith.
To improve the affinity of the PGA skeleton toward the cross-linking solvent, a small amount of water was added to the reaction mixture, which produced the monolith with high resistance toward water as well as organic solvents such as DMSO, N,N-dimethylformamide, methanol, chloroform, and hexane; the monolith shape hardly changed by the immersion into these organic solvents, and the weight change after the immersion was almost zero. Fig. 6 shows the FT-IR spectra of the PGA monolith before and after the cross-linking with HDI. The relative intensity of a peak at 1,730 cm -1 ascribed to the C=O stretching of the carboxylic acid significantly became smaller after the reaction, indicating that the carboxylic acid of PGA had reacted with HDI to form the cross-linked monolith. A reaction of isocyanates with water is well known; thus HDI might be competitively reacted with PGA and water. The high solvent resistance and FT-IR analysis of the cross-linked monolith suggest that the preferential reaction of PGA with HDI took place under the present conditions. The morphology of the monolith after the cross-linking was confirmed by SEM. The morphology was almost the same before and after the cross-linking; the similar porous structure was observed in the SEM photograph of the cross-linked PGA monolith. The BET surface area of the cross-linked monolith was 78 m 2 /g. This value was very close to that before the cross-linking. These data strongly suggest that the morphology was scarcely changed by the cross-linking.
Monolith Fabrication Using Sodium Chloride Solution
In aqueous solutions containing a salt, the PGA conformation and properties are known to change in comparison with those in water [20, 26, 31] . A sodium chloride aqueous solution was used instead of water for the monolith fabrication of PGA with molecular mass of 5,000 kDa. The concentration of sodium chloride was 0.3% for the total solution of DMSO/sodium chloride solution/ ethanol = 9/ 1/20. The monolith was similarly obtained by using the sodium chloride solution, which was cross-linked with HDI in the aqueous acetone solution.
After the cross-linking, sodium chloride was removed with water repeatedly, followed by the solvent replacement with acetone in the monolith and drying in vacuo to give the purified monolith. The morphology of the cross-linked monolith was similar to that without sodium chloride (Figs. 7A and 7B) . The specific surface area of the monolith obtained by using the sodium chloride solution was smaller than that without sodium chloride, whereas the porosity was almost constant even in the presence of sodium chloride (Table 1) .
SEM observation of the monolith swollen in water was performed by using the samples obtained by lyophilization (Figs. 7C and 7D) . The pore size of the lyophilized monolith obtained by using the sodium chloride was larger than that without sodium chloride; the pore sizes of the monolith prepared in the absence and presence of sodium chloride was 1.0-5.0 µm and 5.0-10 µm, respectively.
The swelling ratio of the PGA monolith was measured in buffers of different pH (4, 7, and 10). The monolith was rapidly swollen and the equilibrium of the swelling was reached after 24 h (data not shown). The swelling ratio of the monolith obtained in the presence of sodium chloride was larger than that without sodium chloride, probably due to the morphological difference of the swollen monolith as shown in Fig. 7 . The swelling ratio of the monolith prepared in the absence of sodium salt hardly changed despite the difference of pH of the buffer. On the other hand, the swelling ratio increased as a function of the buffer pH by using the sodium chloride solution for the fabrication of the monolith. This may be because the acid form of PGA was converted to the sodium form during the monolith fabrication in the presence of sodium chloride, resulting in a different inside structure of the monolith. This pH-sensitive swelling behavior can be applied for the matrix of controlled drug delivery and biosensors [22] .
The water retention was slightly increased by the addition of sodium chloride in the fabrication of the monolith. This also suggests the morphological difference of the swollen monolith owing to the presence of sodium chloride in the monolith fabrication. Interestingly, the wet PGA monolith showed deformability (Fig. 8) . By finger compression, water was easily released from the wet monolith and the resulting monolith rapidly returned to the original shape by absorption of water. The monolith could be repeatedly deformed by the compression and water absorption. Unlike in the case of materials with closed pores, monoliths generally do not show good flexibility in water. Therefore, this unique behavior will expand the application of the PGA monolith in various fields.
Copper(II) Adsorption by Cross-Linked PGA Monolith
Removal of toxic metals and recycling of noble metals are important technologies in various industrial fields [10, 37] . For example, heavy metals in the environment are a matter of great concern and threaten public health; thus, high-performance adsorbents for environmental remediation are strongly desired, in which fast treatment of a large amount of waste and efficient removal ability are simultaneously required.
As one of the possible applications of the cross-linked PGA monolith, the adsorption of copper(II) on the monolith has been examined by a batch method. The cross-linked monoliths fabricated in the absence and presence of sodium chloride were used. Previously, we reported that PGA has strong chelation ability toward Ca 2+ , Mg 2+ , Fe 2+ , etc., owing to the unique polyanionic structure of PGA [31] . The amide and carboxylate groups of PGA in the cross-linked monolith would possess high affinity toward heavy and noble metals. Fig. 9 shows the time-course of the adsorption capacity of the monolith, which was determined by the change of the copper concentration in the supernatant. In the initial period, the copper ion was rapidly adsorbed on the monolith. Later, the adsorbed amount gradually increased until 24 h and, afterwards, it was almost constant (data not shown). The adsorption capacity of the monolith fabricated in the presence of sodium chloride was somewhat larger than that without sodium chloride, and the final adsorption capacity reached 1.0 mmol/g of the monolith. This fast adsorption may be ascribed to the characteristic structure of the monolith [32] . The surface and inside of the monolith after the immersion in the copper solution were uniformly blue-colored, and the morphology of the copper-immobilized monolith was almost the same as that before the adsorption (Fig. 10) . The chelation of copper ion on the cross-linked PGA monolith was confirmed by FT-IR spectroscopy; peaks ascribed to the C=O stretching were slightly changed (Fig. S2) .
The existance of copper in the monolith was found by EDX analysis; in the EDX spectrum, peaks of the copper element at 0.9, 8.1, and 8.9 keV were detected, demonstrating the immobilization of copper on the cross-linked monolith (data not shown). Fig. 11 shows EDX images of the cross- linked PGA monolith before and after the adsorption of copper, which clearly shows that copper was homogeneously immobilized on the surface of the resulting monolith. The increase of the copper amount on the monolith was confirmed by the EDX elemental analysis; the copper ratios before and after the immobilization of copper were 0.63 and 6.94 wt%, respectively.
Antibacterial Activity
Copper(II) ion exhibits high antibacterial activity in vitro, and various kinds of complexes of copper(II) ion and organic compounds having remarkable antimicrobial activity were synthesized [9] . The antibacterial activity of the copperimmobilized cross-linked PGA monolith was examined by the incubation of E. coli in the presence of the monolith (Fig. 12) . The initial seeding number of E. coli was 4.84 × 10 7 CFU/ml (black bars in Fig. 12A ). The number of colony formation was almost the same in the absence and presence of the cross-linked PGA monolith after 10 h, which suggests no bacteria-killing action. On the other hand, the number of colony formation decreased greatly to 4.10 × 10 2 CFU/ml after 5 h, and all the cells were dead after 10 h in the presence of the copper-immobilized cross-linked PGA monolith, indicating its strong antibacterial activity. Fig. 12B shows pictures of the LB agar plates, on which E. coli cells incubated for 10 h in the NaCl solution with or without the monolith samples were spread. Almost all the cells were viable in the presence of the cross-linked PGA monolith, confirming that the cross-linked PGA monolith has no antibacterial effect against E. coli cells. However, no viable cells were observed in the presence of the copperimmobilized monolith. These data clearly suggest that the copper-immobilized cross-linked PGA monolith has large potential as an antibacterial biodegradable material in the environmental and biomedical fields.
In conclusion, the fabrication of a new class of a porous material (monolith) based on PGA was successfully achieved by the TIPS technique. The solvent selection was one of the most crucial factors for the formation of the monolith, as well as its morphological control. A combination of DMSO, water, and ethanol enabled the production of the PGA monolith with a uniform shape. The monolith had a relatively large surface area in the pore and skeleton sizes of submicron range. The PGA monolith was converted to the water-insoluble monolith by cross-linking with HDI. The cross-linked monolith possessed high resistance toward water as well as organic solvents. The unique deformability of the wet cross-linked monolith was found. Furthermore, the cross-linked monolith effectively adsorbed copper(II) ions from the aqueous solution, and the copper-immobilized cross-linked PGA monolith showed strong antibacterial activity against E. coli cells.
Polymeric monoliths have large potentials for various applications in industrial fields. A chromatographic matrix is one of the most typical applications of monoliths, since they cast as a single unit and are characterized by a highly interconnected network of channels. For this application, monoliths simultaneously can support a high capacity, high resolution, and large elution rate. Our recent publications have demonstrated the fabrication of monoliths from various polymers by the TIPS and NIPS methods and their applications. These monoliths may be used for the chromatographic matrix as well as other matrices for analytical, environmental, and bio-related applications. The present cross-linked PGA monolith, having a peptide bond and a carboxylic acid group, is expected to be applied for biomedical and environmental functional materials. Further studies on the applications of the cross-linked PGA monolith are under way in our laboratory.
